Angiostrongylus vasorum (A. vasorum) is an important emerging disease of canidae. Cardiorespiratory signs are common in affected dogs, therefore thoracic imaging is critical for diagnosing and monitoring disease. Descriptions of thoracic computed tomography (CT) findings in dogs naturally infected with A. vasorum are currently lacking. Aims of this multicenter, retrospective study were to describe thoracic CT findings in a group of dogs with confirmed disease, determine whether any changes were consistent among dogs, and propose standardized terms for describing thoracic CT findings. Nine UK-based referral centers' clinical and imaging databases were searched for dogs that had a confirmed diagnosis of A. vasorum, and had undergone thoracic CT examination. Eighteen dogs, from seven of the centers, fulfilled the inclusion criteria. The lung lobes were divided into the following three zones and the CT changes described in each: pleural (zone 1), subpleural (zone 2), and peribronchovascular (zone 3). The predominent abnormality was increased lung attenuation due to poorly defined ground-glass opacity or consolidation. There were regions of mosaic attenuation due to peripheral bronchiectasis. Nine/18 (50%) dogs showed hyperattenuating nodules of varying sizes with ill-defined margins. The distribution always affected zones 1 and 2 with varied involvement of zone 3; this resulted in clear delineation between zones 2 and 3.
INTRODUCTION
Angiostrongylus vasorum (A. vasorum) is a nematodal endoparasite, belonging to the family Metastrongylidae, residing in the pulmonary arterial tree of domestic and wild canids. The nematode has a broad worldwide distribution including the United Kingdom (UK) and many regions of Europe, with specific foci of clinical disease within endemic regions. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Angiostrongylus vasorum has been recognized as a cause of many significant disease processes, including but not limited to cardiopulmonary disease, coagulopathies, and neurological disease. 4, [14] [15] [16] [17] [18] [19] [20] [21] Awareness of the aforesaid infection has consequently increased over the past decade by veterinary health professionals, the scientific community, and the pharmaceutical industry. This array of clinical signs and the chronicity of the associated clinical signs may delay early detection and diagnosis of natural canine angiostrongylosis in many dogs. The prognosis for infected dogs varies, with an estimated mortality rate of 2-13% in a specialist referral facility despite appropriate treatment and intervention. 7, 15, 16, 22 Early and accurate diagnosis of infection is fundamental, thereby facilitating implementation of the appropriate therapeutic approach. This is possible due to the numerous laboratory methods that are readily available, either as a in-house bedside test or via external laboratory testing.
To date, clinical and experimental radiographic findings have been described in dogs with A. vasorum; radiographic findings are not pathognomonic for the interstitial pneumonia associated with the parasite. 23, 24 Thoracic lobes. Such findings are reported to be dependent on the parasitic burden induced experimentally. 25, 26 It was suggested in the experimental study that a method to compare the degree of pulmonary changes should be developed. It is very possible that natural infection differs from experimental disease given that disease in dogs can be chronic in nature, which may be associated with accumulative parasite numbers and the associated inflammatory reaction. Additionally, the timing of presentation for investigation will differ based on clinical signs and on owner/veterinarian observations. It is therefore unknown if the thoracic CT findings seen in experimentally infected dogs would be the same as those seen in dogs with natural infection presenting in a typical clinical setting on a less prescribed timeline. For this reason, there is a requirement to describe the imaging findings in naturally occurring infection of domestic canids.
To the authors' knowledge there is no literature describing the thoracic CT findings in a larger cohort of dogs naturally infected with A. vasorum. The overall goal of this study was to review the findings on thoracic CT in dogs naturally infected with A. vasorum. Specific aims were to identify any consistent changes, while standardizing the description of thoracic CT findings. We hypothesized that some CT characteristics would be consistently detected in naturally infected dogs and that these would differ from those described in experimental dogs with acute infections and possibly higher worm burdens.
MATERIALS AND METHODS
The study was a multicenter, retrospective, descriptive design. The study consisted of a retrospective review of the clinical records and thoracic CT sequences for all dogs diagnosed with angiostrongylosis at nine United Kingdom and Ireland-based referral centers, between January 1, 2010 and July 1, 2015 inclusively. The relevant Ethics and Welfare committees granted approval for the retrospective study prior to publication. Each of the institutes' clinical and imaging databases were searched for dogs that would fulfill the study criteria; using any of the keywords "Angiostrongylus vasorum A. vasorum, angiostrongylosis, lungworm, thoracic CT, parasitic pneumonia, and/or verminous." The following were inclusion criteria for this study: Data recorded from the files included breed, gender, date of birth, number of dogs in household, travel history, concurrent disease(s), concurrent medication, associated clinical signs, laboratory data, CT and radiographic findings, and clinical outcome of the dogs. The presence or absence of respiratory signs (cough, tachypnea, and dyspnea) was identified, and if present was noted as having an acute (<7 days) or chronic onset (≥7 days). The dogs were grouped as juvenile (0-1 years), adult (1-6 years), or mature (6+ years) for descriptive statistics. Categorization of their life stage was applied based on previously published criteria. 27 As part of the inclusion criteria, CT studies of the full thorax were acquired with the dogs under general anesthesia or sedation using dif- During the retrospective analysis, the radiologist was aware that all dogs had a diagnosis of angiostrongylosis, but was blinded to the severity of the presenting signs and other case information.
The individual findings for each CT were classified based on the predominating pulmonary patterns. Pulmonary CT changes were classified as per a previously described system for the assessment of CT findings of the canine lungs, after being adapted from human medicine. 25, [28] [29] [30] [31] The lungs were divided into three zones: zone 1, which is the pleural region, describes 1 mm area around the periphery of each lung lobe. Zone 2, which is the subpleural region of the lungs, describes 5% of the maximum lobar width of the lung parenchyma lying beneath the visceral pleura; zone 3, defined as the peribronchovascular region contains the peribronchovascular interstitium that surrounds the central bronchi and pulmonary arteries, extends into the peripheral lung and incorporates the remaining lung that is not already included within the pleural and subpleural zones. The lobes affected were described as single lobe, multiple lobes unilaterally, or multiple lobes bilaterally. Pleural changes were defined as the capability to identify the pleura or pleural space on the images; such changes recorded could consist of "pleural thickening," "enhancement,"
or "effusion." 32, 33 Abnormalities affecting each zone were further divided into the following categories: (1) Thoracic CT findings for each dog were given a severity score: mild (1), moderate (2), and severe (3), which was assigned by our boardcertified veterinary radiologist (Table 1) . Additionally, other criteria included: lung lesions (solitary, lobar, diffuse, multifocal); number of lung lobes involved; vasculature changes (tortuous or thrombi) and tracheobronchial lymphadenopathy. The pulmonary arterial diameter was compared to the accompanying bronchi, using the bronchoarterial ratio (BA ratio), where individual bronchoarterial ratios in healthy dogs have been reported to range from 0.8 to 2.0. 34, 35 The main pulmonary artery to aortic diameter ratio (MPA:Ao) was measured for each dog using CT measurements in the soft tissue window, to assess for presence of pulmonary hypertension. The main pulmonary artery to aortic diameter ratio was assessed as previously described in the veterinary literature with a window level of 40 HU and window width of 350 HU. The overall mean of the measured main pulmonary artery to aortic diameter ratio of normal dogs was 1.108 ± 0.152. 36 Contrast enhancement of any lesion(s) was characterized as homogenous or heterogeneous uptake. Summary statistics were performed by one author (M.C.) using commercially available software (Microsoft Excel for Mac, Microscoft Office, Redmond, WA). The results were reported in the paper as mean, median and range ( ± ), where is the arithmetic mean and is the standard deviation.
RESULTS
Seven of the nine centers * in the United Kingdom provided the cases for the study, following determination of suitability. Twenty dogs (20) were originally identified; however, two dogs (2) were excluded, as they did not fulfill the inclusion criteria. Therefore, 18 dogs (18) with confirmed canine angiostrongylosis were included in this study. Of these, 17/18 dogs were anaesthetized for CT examination; 1/18 dog was sedated for the imaging. A total of 17/18 dogs were placed in sternal recumbency and 1/18 placed in right lateral for acquisition of the scans.
All 18 dogs had a diagnosis established within 5 days of the CT imaging.
All dogs recovered uneventfully following the procedure. A contrast agent was administered in 11/18 animals (as described earlier); no complications were associated following administration of the agent in any dog. The dogs ranged in age from 6 months to 12 years 4 months; the median age was 7 years 3 months. Sex distribution was male entire (Fig. 1A,B) . The most notable feature identified zone 2 was a multifocal to diffuse increase in lung attenuation suggestive of poorly circumscribed ground glass opacity in 14 dogs (14/18), with base wide wedge-shaped areas of consolidation noted in these dogs; these appear widest toward the periphery of each lobe (15/18) ( Fig. 2A,B) . Illdefined hyperattenuating nodules ranging in size from small (3 mm) to large (85 mm) were observed throughout the parenchyma with a random distribution (9/18); no obvious dorsal or ventral predilection was noted (Fig. 3A,B) . All nodules had hazy margins with heterogeneous attenuation on unenhanced lung window (HU: −136 to 36). On the CT examinations, the main findings affecting zone 3 was an increased attenuation of the parenchyma with a generalized admixed consolidation (15/18) and ground glass opacity (15/18).
F I G U R E 2
Transverse CT images of the lungs of a dog at the level of the right accessory lung lobe (A) and the right caudal and left caudal lung lobes (B), given a score of 2 (moderate changes). All lung lobes are affected, with lesions most notable in the peripheral regions (zones 1 and 2). There is rare central involvement (zone 3). There was mosaic attenuation with multifocal regions of ground glass opacity (black arrow) and parenchymal consolidation (white arrow). Mild to moderate bronchiectasis and bronchiolectasis were diffusely noted and there was subtle subjective peribronchovascular thickening (peribronchial cuffing) denoted by the black arrow head. The ventral and caudal portions of the right and left caudal lobes are affected with the central region (zone 3) spared. WW/WL 1400/−500 F I G U R E 3 Transverse CT image of the thorax of a dog naturally infected with A. vasorum and given a severity score 3 (severe) showing the level of the accessory, right middle and caudal, and left caudal lobes (A) and at the level of the caudal area of the caudal lobes (B). The increased opacity of the lung lobes may be due to anesthesia induced atelectasis, underlying pathology or a combination of both. The most prominent lesions are multifocal areas of coalescing consolidation within the zones 2 and 3 (arrow heads); this appears base wide at the pleura. There are ill-defined to well circumscribed, heterogeneous hyperattenuating nodules (−137 to 36 HU) compared to the surrounding parenchyma (white arrows) mean −508 HU. All lobes have a diffuse increase in attenuation (black arrows) with severe, diffuse consolidation (soft tissue attenuation). The right middle is severely affected. WW/WL 1400/−500 
DISCUSSION
The CT findings in this study were comparable, yet not identical to, The mean bronchoarterial ratio deduced in the previous study was 1.45 ± 0.21 (confidence intervals = 1.34-1.56) for healthy, nonbrachycephalic dogs, while the individual bronchoarterial ratios in healthy dogs ranged from 0.8 to 2.0. 34, 35 Notwithstanding the fact that the dogs in the study did not have convincing intraluminal filling defects of the pulmonary vasculature, there were changes suggestive of pulmonary arterial dilation. The objective assessment for pulmonary hypertension-main pulmonary artery to aortic diameter ratio-was interpreted as normal for each dog in this current study. However, the normal range was based on a paucity of cases, consisting of 10 healthy dogs in the previous study. The mean of the measured main pulmonary artery to aortic diameter ratio determined by examination of thoracic CT sequences was 1.108 ± 0.152. 36 In the previous study, it was uncertain if a reference range could be extrapolated from the results in a small cohort of dogs, however, a ratio of ≥1.1 could be interpreted as being normal when calculated from CT measurements in healthy dogs. The reliability of the measurement to deduce if a dog is suffering from pulmonary hypertension is uncertain from the previous study. 36 To date, echocardiography is described as a reliable and noninvasive method to estimate pulmonary arterial parameters that can be used to deduce if pulmonary arterial hypertension is present.
A complete assessment for pulmonary arterial hypertension includes evaluation of the pulmonary vasculature, cardiac evaluation, and evaluation of lung parenchyma. The identification of several anomalies will provide support for reliably diagnosing pulmonary hypertension. 36, [40] [41] [42] Toward the periphery it was difficult to observe the smaller pulmonary arteries due to effacement resulting from the increased attenuation. Therefore, filling defects and thrombi may be easily overlooked. Subjective bronchiectasis was observed, however only one dog has bronchoarterial ratio >2, which would be conclusive for bronchiectasis. There is evidence of dilated, blunt ending airways extending into the periphery of the lung parenchyma (zone 2) resulting in a mixed attenuation (mosaic), consequently resembling cylindrical bronchiectasis. The smaller airways, bronchioles, should not be observed in 10 mm peripheral region of the normal canine lungs 35 ; this may be associated with chronic pathology and fibrosis resulting in traction bronchiectasis.
The nodules that were observed had a random distribution, with ill-defined margins. The attenuation was not solely soft tissue and resembled that of ground glass opacity, therefore was suggestive of an admix of air and fluid. The immunopathogenesis of canine angiostrongylosis is reported: deposits of immunoglobulins, complement and fibrinogen have been detected in the lungs of affected dogs. This inflammatory response is proposed to be caused by the migration of larvae throughout pulmonary tissue and leads to multifocal granulomatous pneumonia (with variable amounts of suppurative and eosinophilic inflammation). In some dogs, the migrating larvae crossing into the airspace of the alveoli result in pulmonary hemorrhage. 1, [3] [4] [5] 11, 12, 21, 38, [43] [44] [45] One dog showed signs consistent with pneumomediastinum, which can be associated with bronchial, tracheal, or alveolar pathology (most notably rupture). Spontaneous pneumomediastinum has been noted in greyhounds without associated clinical signs. In such dogs the source of the gas is often obscure. 46 Since the affected dog was a greyhound, the significance of this finding is unknown and may be incidental. Notably, the ventral aspects of the lung lobes were severely affected in 16/18 dogs; equally, this was identified in a previous study. The distribution was believed to relate to pathology resulting in consolidation, due to the characteristics and extent of the changes on CT. Our goal was to identify any consistent changes on the CT examinations. The findingsperipheral, ventral, and caudal distribution of ground glass opacity and nodules-described in this study are highly suggestive of A. vasorum;
however, differential diagnosis of the heterogeneous hyperattenuating pulmonary nodules and ground glass opacity include eosinophilic bronchopnemopathy, pulmonary lymphoma, granulomatous lung disease, and intrathoracic histiocytic sarcoma. 32, [40] [41] [42] 47 It has been suggested that younger dogs (often under the age of 18 months) are more likely to show clinical manifestations following infection with A. vasorum, with the highest proportion of dogs under the age of 18 months. This occurrence in younger animals could be attributed to age-related tendencies and behavior, or incomplete immunity. 3, 15, 48, 49 The majority of dogs in the study, albeit a small population, were adults (5/18) or mature adults (11/18), which did not reflect the distribution noted in previous studies. 15, 16 The difference in distribution of age observed in our group of dogs could relate to older animals being immune-compromised due to factors such as concurrent infection or disease (although there was no evidence for this), or they may be immune-naïve if the parasite has recently emerged in that area.
A lack of owner awareness of clinical signs and inadequate prophylactic anthelmintic control may also result in significant parasitic burdens In conclusion, this study was the first to describe thoracic CT and clinical findings in a group of dogs with naturally infected A. vasorum.
Pulmonary changes and mild to moderate lymphadenomegaly were detected in all dogs. Thoracic CT findings for naturally infected dogs took various appearances, with a considerable overlap with other pulmonary conditions. The predominant findings described in this study were a peripheral distribution of increased lung attenuation with diffuse, poorly organized, and multifocal nodules that were of ground glass opacity. These findings echoed those previously reported on CT examination of six dogs experimentally infected with A. vasorum, yet they were not identical. The clinical signs did not appear to be related to the degree of changes on thoracic CT in this small sample of dogs.
